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 ABSTRACT 
 The objective of the study was to evaluate the effect 
of cashew nut shell extract (CNSE) and glycerol (pu-
rity >99%) on enteric methane (CH4) production and 
microbial communities in an automated gas in vitro 
system. Microbial communities from the in vitro sys-
tem were compared with samples from the donor cows, 
in vivo. Inoculated rumen fluid was mixed with a diet 
with a 60:40 forage:concentrate ratio and, in total, 5 
different treatments were set up: 5 mg of CNSE (CNSE-
L), 10 mg of CNSE (CNSE-H), 15 mmol of glycerol/L 
(glycerol-L), and 30 mmol of glycerol/L (glycerol-H), 
and a control without feed additive. Gas samples were 
taken at 2, 4, 8, 24, 32, and 48 h of incubation, and the 
CH4 concentration was measured. Samples of rumen 
fluid were taken for volatile fatty acid analysis and for 
microbial sequence analyses after 8, 24, and 48 h of 
incubation. In vivo rumen samples from the cows were 
taken 2 h after the morning feeding at 3 consecutive 
days to compare the in vitro system with in vivo condi-
tions. The gas data and data from microbial sequence 
analysis (454 sequencing) were analyzed using a mixed 
model and principal components analysis. These analy-
ses illustrated that CH4 production was reduced with 
the CNSE treatment, by 8 and 18%, respectively, for 
the L and H concentration. Glycerol instead increased 
CH4 production by 8 and 12%, respectively, for the L 
and H concentration. The inhibition with CNSE could 
be due to the observed shift in bacterial population, 
possibly resulting in decreased production of hydrogen 
or formate, the methanogenic substrates. Alterna-
tively the response could be explained by a shift in the 
methanogenic community. In the glycerol treatments, 
no main differences in bacterial or archaeal population 
were detected compared with the in vivo control. Thus, 
the increase in CH4 production may be explained by 
the increase in substrate in the in vitro system. The 
reduced CH4 production in vitro with CNSE suggests 
that CNSE can be a promising inhibitor of CH4 forma-
tion in the rumen of dairy cows. 
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 INTRODUCTION 
 The continuous increase in methane (CH4) concen-
trations in the atmosphere has been an important is-
sue over the last few decades, as CH4 is one of the 
major greenhouse gases and consequently contributes 
to climate change (Beauchemin et al., 2008). Rumi-
nants contribute considerably to this (e.g., 28% of total 
anthropogenic CH4 in the United States comes from 
cattle; Gerber et al., 2013). The production of CH4 from 
ruminants also causes energy losses for the animal, cor-
responding to 2 to 12% of gross energy (GE) intake 
(Johnson and Johnson, 1995). Methane is produced in 
the rumen by methanogens (Archaea), which mainly use 
hydrogen and CO2 as their energy and carbon source, 
respectively. These compounds are mainly released dur-
ing the degradation of carbohydrates and, to a lesser 
extent, amino acids to VFA by different fermentative 
microorganisms. In addition to hydrogen-, formate-, 
and methyl-containing compounds, fermentation end 
products also are important methanogenic substrates 
in the rumen (Hungate et al., 1970; Leahy et al., 2013). 
The amounts and types of feeds consumed by the cow 
appear to have the biggest effect on the amount of CH4
produced (Johnson and Johnson, 1995; Ramin and 
Huhtanen, 2013), but other factors also exist, such as 
individual variation, breed, and geographical location 
(Janssen and Kirs, 2008; King et al., 2011; Daniels-
son et al., 2012). Some successful strategies to inhibit 
CH4 production involve feeding of supplements, such as 
feedstuffs high in lipids, ionophores, plant compounds, 
and enzymes (Beauchemin et al., 2009; Hook et al., 
2010). 
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Feeding supplements as cashew (Anacardium occiden-
tale) nut shell extract (CNSE) and glycerol has been 
tested in previous studies, with observed inhibition ef-
fects on CH4 production (Watanabe et al., 2010; Lee 
et al., 2011; Ramin et al., 2011; Shinkai et al., 2012). 
Currently, the effect of CNSE on CH4 production is 
unclear and may depend on a direct inhibition effect of 
Archaea or an indirect effect due to decreased bacterial 
production of methanogenic substrates (i.e., hydrogen 
or formate). Furthermore, there is a lack of knowledge 
concerning the effects of glycerol on the microbial com-
munities and in relation to CH4 production.
Cashew nut shell liquid is a by-product from the 
cashew nut industry and the global production is es-
timated at 450,000 t/yr (Patel et al., 2006); the price 
today is $400 to $600/t (Alibaba, 2014). The product 
CNSE is produced by a cold extraction procedure as 
has been described by Philip et al. (2007). Cashew nut 
shell extract mainly contains the phenolic constituents 
of anacardic acid, cardol, and cardanol. Anacardic 
acid has antimicrobial activity and it is suggested to 
selectively inhibit certain gram-positive rumen bacteria 
(Kubo et al., 2003). The nut shell can also be heat 
treated, but the resulting products have comparably 
low concentrations of anacardic acid and the anti-
methanogenic activity is destroyed (Watanabe at al., 
2010). In vivo studies in cow rumina (CNSE fed in a 
pellet form) and studies for in vitro batch cultivation 
(CNSE liquid added to the rumen fluid) have shown 
that CNSE inhibited CH4 production by between ap-
proximately 20 and 60% (Watanabe et al., 2010; Ramin 
et al., 2011; Shinkai et al., 2012). Furthermore, when 
CNSE was added to pure cultures of different bacteria, 
a restricted effect on growth of hydrogen-, formate-, and 
butyrate-producing bacteria was observed (Watanabe 
et al., 2010). However, even though CH4 production 
was greatly reduced, the relative abundance of Archaea 
was not affected by CNSE.
The biodiesel industry is currently producing, as 
a by-product, large quantities of glycerol (synonym: 
glycerin or 1,2,3-propanetriol), and the annual Euro-
pean production has been estimated to be 11.2 million 
tonnes in 2010 (Khanna et al., 2012). Glycerol is a po-
tential high-energy feed additive for cows. The price of 
glycerol depends on its purity and, at present, the price 
of refined glycerol (99%) in Sweden is around €0.6/kg. 
Glycerol has been shown to affect VFA profiles (i.e., 
increased concentrations of propionate with unaffected 
concentrations of acetate) in cows (DeFrain et al., 2004), 
steers (Wang et al., 2009), and sheep (Schröder and 
Südekum, 1999). Moreover, Lee et al. (2011) showed 
that the addition of glycerol to an in vitro incubation 
reduced CH4 production.
In vitro systems [e.g., continuous-culture experi-
ments as described by Czerkawski and Breckenridge 
(1977) and batch culture experiments as reported by 
van Nevel and Demeyer (1981)] are commonly used for 
evaluating the effects of diets and additives on enteric 
CH4 production. The advantages of an in vitro system 
compared with in vivo are the reduced effect on the 
animal, lower costs, and it is also likely easier to stan-
dardize. However, the limitations of the in vitro system 
have to be considered before conclusions can be trans-
ferred to the in vivo situation. One important aspect 
is that rumen VFA in cows is continuously absorbed 
through the rumen wall, maintaining the concentration 
of VFA at a similar level. In the in vitro system, VFA 
might accumulate over time during fermentation. Such 
an accumulation could theoretically have an effect on 
the development of the microbial population and, con-
sequently, also on CH4 production.
The aim of this experiment was to investigate the 
effects of CNSE and glycerol on the in vitro produc-
tion of CH4 and VFA and to investigate effects of these 
feed additives on the archaeal and bacterial community 
structures.
MATERIALS AND METHODS
All management of animals was approved by the 
Umeå Ethical Committee for Animal Research (Umeå, 
Sweden).
Animals
Three dairy cows of the Swedish Red breed at late 
lactation, fed a diet with a silage:concentrate ratio of 
600:400 g/kg of DM were included in the experiment. 
Rumen fluid was collected 2 h after the morning feed 
and fluid from each cow was strained separately through 
a double layer of cheesecloth into prewarmed thermos 
flasks that had previously been flushed with CO2. The 
rumen fluid was transported to the laboratory within 
10 min of collection and pooled in equal amounts. The 
pH was measured and a 1-mL subsample was taken and 
stored at −20°C for further analysis of VFA and micro-
bial community structure. Rumen fluid was strained 
through 4 layers of cheesecloth and mixed with buffered 
mineral solution (20:80, vol/vol; Menke and Steingass, 
1988) supplemented with peptone (pancreatic digested 
casein; Merck KGaA, Darmstadt, Germany) at 39°C 
under constant stirring and continuous flushing with 
CO2.
Experimental Design and Laboratory Procedures
Prior to the in vitro incubation, samples were dried 
at 60°C for 48 h and further ground through a 1.0-mm 
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screen using a cutting mill (Retsch SM 2000; Retsch 
GmbH, Haan, Germany). Conventional chemical analy-
ses: DM, NDF assayed with heat-stable amylase and 
expressed exclusive of residual ash [amylase-treated 
NDF OM (aNDFom)], CP, starch (for concentrate), 
ash, and calculated ME were performed with standard-
ized methods as described by Bertilsson and Murphy 
(2003). Determination of pH was performed on silage 
juice. The chemical composition of the feeds is shown 
in Table 1.
A mixture of 600 mg of silage and 400 mg of concen-
trate was weighed into serum bottles (250 mL; Schott 
AG, Mainz, Germany). The substrate used in vitro had 
the same composition as the diet given to the cows 
as rumen donors. The substrate was supplemented 
with differing amounts of CNSE or glycerol. Cashew 
nuts were obtained from Tanzania and the liquid was 
extracted at Lund University (Lund, Sweden) accord-
ing to the extraction procedure described in (Philip 
et al., 2007). In brief, deshelling and size reduction of 
the shells was done for efficient extraction. Kept in the 
dark, the shell pieces were soaked in cyclohexane for 1 d 
and then shells were separated and the solution was fil-
tered. The solution was concentrated by using reduced 
pressure in a rotary evaporator at 40°C. During pres-
sure application, a brown oily product was achieved. 
Glycerol with 99.5% purity was obtained from a feed 
manufacturer (AkoGly 100; AarhusKarlshamn Sweden 
AB, Karlshamn, Sweden). In total, 5 different treat-
ments were set up: 50 μL of CNSE dissolved in 450 μL 
of ethanol (99.5%; 5 mg; CNSE-L), added to 60 mL 
of buffered rumen fluid; 100 μL of CNSE dissolved in 
400 μL of ethanol (99.5%; 10 mg; CNSE-H), added to 
60 mL of buffered rumen fluid; 15 mmol of glycerol/L 
(glycerol-L); 30 mmol of glycerol/L (glycerol-H); 
and a control with no feed additive supplemented. All 
treatments were performed in triplicate and 4 serum 
bottles were also assigned as blanks without any addi-
tion of substrate. The ethanol in the CNSE treatments 
was evaporated by leaving the serum bottles at room 
temperature overnight. The next day, all bottles were 
filled with 60 mL of buffered rumen fluid and placed 
in a water bath at 39°C for 48 h. The experiment was 
repeated in 2 consecutive runs.
The in vitro studies were conducted using an auto-
mated gas-production system developed by Ramin and 
Huhtanen (2012). Gas production was recorded every 
12 min, with a correction to normal air pressure (101.3 
kPa; Cone et al., 1996). A sample of gas was collected 
from each bottle during incubation at different time 
points: 2, 4, 8, 24, 32, and 48 h. Based on the kinetic 
data on CH4 production obtained from the in vitro gas 
production, CH4 production was predicted in vivo using 
a modeling approach described in detail by Ramin and 
Huhtanen (2012). In brief, cumulative CH4 production 
(mL) at each time point (0.2 h) was calculated according 
to the following formula: total CH4 production (mL) = 
headspace (HS) volume (mL) × HS CH4 concentration 
+ gas production (mL) × A × HS CH4 concentration. 
The headspace volume in the system was 265 mL (the 
volume was for bottles and pressure tubes connected 
to the gas reader box). The total gas volume was au-
tomatically recorded by the system and corrected for 
the normal air pressure. Coefficient A is the ratio of 
CH4 concentration in the outflow gas to the HS CH4 
concentration. Because the outflow of gas could not be 
collected in our system, the ratio of the CH4 concentra-
tion in the outflow (measured gas production) to the 
CH4 concentration in the headspace (ratio A) was pre-
dicted using a mechanistic model as described by Ra-
min and Huhtanen (2012). In the model simulations, a 
digestion rate of 0.06/h, corresponding to the observed 
first-order gas production rate, was used. Methane con-
centrations at time intervals of 0.2 h were estimated by 
a logarithmic model of time versus CH4 concentration. 
Kinetic parameters of fermentation [from CH4 and total 
gas production at each time point (0.2 h), separately] 
were estimated by fitting the data to the 2-pool Gom-
pertz function (Schofield et al., 1994) by PROC NLIN 
of SAS (SAS Institute Inc., Cary, NC). The parameters 
were then subjected to a dynamic, mechanistic 2-com-
partment rumen model described by Huhtanen et al. 
(2008). The model was originally developed to predict 
the digestibility of potentially digestible NDF from the 
gas kinetic data. Here, the model was applied to esti-
mate the proportion of asymptotic CH4 production at 
infinite time (V1 + V2), where V1 and V2 = volumes 
for the rapid pool and slow pool, respectively, that will 
be produced during the residence of feed in the rumen. 
Methane production (mL/g of DM) was calculated as 
proportion × asymptotic CH4 production (mL/g of 
DM). The effective first-order CH4 production rate 
was estimated by solving the 2-compartment equation 
described by Allen and Mertens (1988) for kd when 
digestibility (here, proportion) and passage kinetic pa-
Table 1. Composition of the concentrate and grass silage used (g/kg 
of DM, unless otherwise stated) 
Component Silage Concentrate
DM 916 955
ME (MJ/kg of DM) 10.8 —
CP 172 188
NDF 543 441
Starch — 293
Ash 84 65
pH 3.9 —
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rameters are known. A mean retention time of 50 h (20 
h in the first compartment and 30 h in the second com-
partment), corresponding to the maintenance level of 
feed intake, was used in model simulations. The model 
was programmed in Powersim 2.5 software (Powersim 
Inc., Rockville, MD); the simulations were run for 120 
h with a time step of 0.0625 h as integration step and 
using the Euler integration method.
Sampling and Analysis from the  
Fermentation Units and Cows
Collection of fluid for determining VFA and un-
dertaking the microbial population analysis in the in 
vitro system was performed using a T-tube setup, as 
described by Karlsson et al. (2009). One milliliter of 
rumen fluid was withdrawn with a 1-mL syringe at 
different time points: 8, 24, and 48 h of incubation. Ru-
men fluids from the 3 donor cows were taken 2 h after 
the morning feeding at 3 consecutive days, pooled, and 
sampled for VFA determination and microbial analy-
sis. For the microbial analyses, a 500-μL aliquot of the 
sample was transferred to a 1.5-mL tube and stored at 
−20C. The remaining 500 μL was mixed with 20 μL of 
22 M formic acid for VFA determination. The formic 
acid was used to eliminate the effect of small “ghost” 
peaks in the chromatograph (Cottyn and Boucque, 
1968). After sampling the fluid from the bottles, 1 mL 
of CO2 was flushed back through the T-tube to each 
bottle to empty the tube of any remaining content. 
After incubation was completed, pH was measured in 
all samples. In vitro VFA samples were pooled on the 
basis of time and treatment (8, 24, and 48 h of incuba-
tion). The VFA were determined by HPLC (Andersson 
and Hedlund, 1983). The acids were separated with 
a packet of ReproGel H column (Dr. Maisch HPLC 
GmbH, Ammerbuch, Germany) at 60°C, using 5 mM 
H2SO4 as mobile phase at a flow rate of 0.8 mL/min, 
and detected with a 2414 Refractive Index (RI) Detec-
tor (Waters Corp., Milford, MA).
DNA Extraction, PCR, and 454 Pyrosequencing
Samples from the first run in the in vitro system (con-
trol, CNSE-H, and glycerol-H) and from rumen fluid in 
vivo were selected for microbial analyses. The DNA 
was extracted from 300 μL of triplicate aliquots from 
each sample using the FastDNA Spin kit for soil (MP 
Biomedicals LLC, Santa Ana, CA) in accordance with 
the manufacturer’s protocol. In the final step, DNA was 
eluted by 50 μL of DNase/pyrogen-free water (provided 
with kits). The DNA concentration was determined 
with a NanoVue spectrophotometer (GE Healthcare, 
Uppsala, Sweden), and was between 31 and 254 ng/
μL. The 16S rRNA genes were PCR amplified using 
broad-range primers for bacteria Bac 8F (AGAGTTT-
GATCCTGGCTCAG) and Bac 515R (KACCGCGGC 
KGCTGGCA; Lane et al., 1985) and for Archaea 340F 
(CCCTAYGGGGYGCASCAG) and 1000R (GGC-
CATGCACYWCYTCTC; Gantner et al., 2011). Prim-
ers were complemented with 454 adapters and specific 
barcodes for each sample (Hamady et al., 2008). The 
DNA was amplified with PCR [iQ Supermix (Bio-Rad 
Laboratories Inc., Hercules, CA)] under the following 
running conditions: for bacteria, initial denaturation at 
95°C for 5 min; 30 cycles of 40 s at 95°C, 40 s at 58°C, 
and 1 min at 72°C; and a final elongation step of 7 min 
at 72°C; for Archaea, initial denaturation at 98°C for 
1 min; 35 cycles of 10 s at 98°C, 45 s at 55°C, and 45 s 
at 72°C; and a final elongation step of 7 min at 72°C. 
The PCR products were visualized using agarose gel 
electrophoresis. The PCR products obtained from the 
archaeal primers were purified using carboxyl-coated 
magnetic beads (SPRI beads, Agencourt AMPure XP; 
Agencourt Bioscience Corp., Beverly, MA) and the 
PCR products obtained with bacterial primers were 
isolated from the gel and purified using a GeneJET 
gel extraction kit (Thermo Fisher Scientific, San Jose, 
CA). Purified products were quantified using a Qubit 
fluorometer (Invitrogen Life Technologies, Carlsbad, 
CA) and mixed into equimolar amounts. The mixed 
pool of PCR products was sequenced from the reverse 
primer direction at the Science for Life Laboratory 
(Solna, Sweden), using the Roche/454 GS Titanium 
technology platform (454 Life Sciences, Branford, CT).
Taxonomic Analysis
The taxonomic analysis was based on the sequence 
processing performed as described in Herlemann et 
al. (2011). In brief, a quality check was performed on 
sequences with the following criteria: sequences were 
excluded if the length was less than 400 bp or contained 
incorrect primer sequences or any uncertain bases. After 
quality checks, the remaining sequences were aligned 
and clustered into operational taxonomic units (OTU) 
using the pyrosequencing pipeline at Ribosomal Da-
tabase Project (RDP; Cole et al., 2009). From each 
OTU, the most abundant sequence was selected as the 
representative sequence, and the sequence was analyzed 
with, and taxonomically classified against, a local RDP 
database containing bacterial and archaeal sequences 
(RDP v10.21; only sequences longer than 1,200 bp 
and with good pintail scores). The OTU inherited the 
taxonomy down to genus level if the best-scoring RDP 
fulfilled the criteria of >95% identity over a length of 
>380 bp. The assignment of sequences to samples was 
based on the 8-bp barcode.
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To characterize sequences to species level, the OTU 
reference sequence was matched against the BLAST da-
tabase (http://blast.ncbi.nlm.nih.gov/Blast.cgi) where 
a sequence homology >97% was used as the parameter 
to distinguish species level.
Statistical Analysis
Predicted values of total gas and CH4 production (n 
= 30) were subjected to PROC MIXED of SAS (ver-
sion 9.3; SAS Institute Inc.) using the following model:
Yij = Treatmenti + Runj  
+ (Treatment × Run)ij + eijk,
where Yij is predicted value of gas or CH4 variable, i 
= 5 for Treatment, j = 2 for Run, and eijk is a ran-
dom error term. Within every run, triplicate samples 
for each treatment were used. The sum of squares of 
the treatment effect was further portioned into linear 
and quadratic treatment using orthogonal polynomial 
contrasts.
Values for relative abundance of bacterial (n = 27) 
and archaeal (n = 27) samples were subjected to PROC 
MIXED of SAS using the following model:
Yij = Treatmenti + Timej  
+ (Treatment × Time)ij + eijk,
where Yij is relative abundance variable, i = 3 for Treat-
ment, j = 3 for Time, and eijk is a random error term. 
Within every run, triplicate samples for each treatment 
were used. A spatial power covariance structure, with 
the sample as the repeated subject and time relative 
to the sampling as the coordinate for distance between 
observations, was used in the models to account for the 
repeated observations within the sample. Least squares 
means were calculated using the LSMEANS/PDIFF 
option and statistical differences between treatments 
were determined following the Tukey adjustment (P 
= 0.05). On 2 occasions, samples were excluded from 
the statistical analysis due to the loss of fluid from 1 
sample on 1 sampling occasion and the removal of 1 
sample from bacterial analysis due to a negligible DNA 
concentration.
A principal components analysis (PCA) was per-
formed to find a clustering pattern among the samples. 
A comparison of specific changes in relative abundance 
during the intervention period was analyzed with a 
Mann-Whitney test using PAST software (http://
folk.uio.no/ohammer/past; Hammer et al., 2001). 
The validity of clustering patterns was confirmed by 
a distance-based multivariate ANOVA (MANOVA; 
Bray-Curtis distance; PAST software) and statistical 
differences were declared at P ≤ 0.05.
RESULTS
Total Gas and CH4 Production
No difference in total gas production in the in vitro 
system between treatments was observed (P = 0.14). 
Data of total gas and CH4 production can be found 
in Table 2. However, CH4 production differed between 
treatments (P < 0.01), and production was reduced by 
18% (P < 0.01) when CNSE-H was compared with the 
control. In contrast, increased CH4 production was ob-
served in response to the addition of glycerol, at most 
by 12% (P < 0.001) in glycerol-H. When the amount 
of CH4 was related to total gas (CH4/total gas), the 
difference between treatments still remained significant 
(P < 0.01).
VFA
Concentrations and proportions of VFA are presented 
in Table 3 as mean values at the start (in vivo) and 
after 8, 24, and 48 h of incubation in vitro. Total VFA 
concentration in vitro was numerically higher in glyc-
erol-H at 24 and 48 h, compared with the control and 
CNSE-H. Also, glycerol-H showed higher proportions of 
propionate and butyrate concentration compared with 
the control and CNSE-H. Measured pH is presented in 
Table 3 at the start and after 48 h of incubation. At 
the start of incubation, pH was 6.84 and after 48 h the 
pH had declined for all treatments. However, pH values 
remained above 6.0 for all treatments.
Analysis of Microbial Composition
Bacteria. After a quality check, a total of 67,019 se-
quences were obtained from 26 analyzed samples (both 
in vitro and in vivo), averaging 2,578 sequences per 
sample (minimum = 697; median = 2,565). The bacte-
rial population was represented by 15 different phyla, 
with 11 phyla found across all samples. The community 
structure at phylum levels is presented in Figure 1a. 
Control samples in vivo and in vitro had similar pat-
terns and the bacterial composition was dominated by 
the Firmicutes and Bacteroidetes phyla, representing 
50% of all sequences. The remaining sequences were 
represented by low-abundant phyla (<4% of the bacte-
rial community), with unclassified bacteria and Proteo-
bacteria representing around 0.4 and 0.5%, respectively. 
A large number of sequences (46.4%) did not fulfill the 
best scoring RDP criteria of >95% identity and were, 
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Table 2. Effect of added glycerol at 15 mmol/L (L) and 30 mmol/L (H) on a DM basis and cashew nut shell extract (CNSE) at an addition of 5 mg/60 mL (L) and 10 mg/60 mL 
(H) on CH4 production and total gas (mL/g of incubated DM)
1 
Item
Treatment2
SEM
P-value
Interaction3  
(P-value)
Contrast4  
(P-value)
Control Glycerol-L Glycerol-H CNSE-L CNSE-H Treatment Run T × R L Q
CH4
 Asymptotic CH4 (mL/g of DM) 39.3
a 43.4b 45.4b 36.4a 32.3c 0.80 <0.01 <0.01 <0.01 <0.01 <0.01
 Rate (/h) 0.07 0.06 0.06 0.06 0.06 0.005 0.31 0.69 0.49 0.15 0.14
 Predicted CH4
5 in vivo (mL/g of DM) 33.3a 36.3bc 37.9cb 30.6d 27.3e 0.78 <0.01 0.01 0.02 <0.01 <0.01
Total gas
 Asymptotic gas (mL/g of DM) 244bc 253abc 270a 232bc 224d 7.6 0.14 0.24 0.71 0.06 0.15
 Rate (/h) 0.08a 0.09b 0.09ab 0.10bc 0.09b 0.003 0.05 <0.01 0.78 0.02 0.21
 Predicted gas5 in vivo (mL/g of DM) 216bc 229ab 243a 211bc 203c 9.1 <0.01 0.92 0.59 0.04 <0.01
CH4/total gas
5 0.154a 0.159ac 0.157ac 0.145ad 0.135b 0.0036 <0.01 0.01 0.12 <0.01 <0.01
a–eMeans within a row with different superscript letters differ significantly (P < 0.05) between treatments.
1Two runs with triplicate measurements of each treatment (n = 6).
2Control = no feed additive supplemented; glycerol-L = 15 mmol of glycerol/L (purity 99.5%); glycerol-H = 30 mmol of glycerol/L (purity 99.5%); CNSE-L = 50 μL of CNSE dis-
solved in 450 μL of 99.5% ethanol; CNSE-H = 100 μL of CNSE dissolved in 400 μL of 99.5% ethanol.
3T × R = interaction of treatment × run.
4L = linear effect of treatment; Q = quadratic effect of treatment.
5Methane and total gas in vivo was predicted using a 50-h rumen retention time in the mechanistic model.
Table 3. Volatile FA concentration per time and treatment (mol/100 mol, unless otherwise stated) and pH after 48 h of incubation (mean values with SD in parentheses)1 
Item In vivo2
Time and treatment3
8 h 24 h 48 h
Control Glycerol-H CNSE-H Control Glycerol-H CNSE-H Control Glycerol-H CNSE-H
Total VFA (mmol/g of DM) 47.3 (7.1) 97.0 (7.0) 96.9 (14.7) 97.2 (14.3) 138.2 (11.4) 145.6 (13.0) 137.7 (14.8) 160 (15.3) 170.6 (14.0) 158.6 (17.1)
VFA (mol/100 mol)
 Acetate (A) 59.0 (1.1) 59.9 (0.3) 55.1 (0.9) 58.9 (0.9) 60.1 (0.4) 53.8 (0.2) 57.8 (1.2) 59.9 (0.5) 54.5 (0.4) 57.0 (1.2)
 Propionate (P) 14.8 (0.2) 17.8 (0.9) 20.2 (0.0) 18.5 (1.1) 17.4 (0.7) 22.2 (1.9) 19.6 (1.9) 17.4 (0.6) 22.1 (1.6) 20.6 (1.7)
 Isobutyrate 4.9 (0.8) 3.1 (0.3) 3.0 (0.4) 3.1 (0.3) 2.6 (0.2) 2.3 (0.2) 2.5 (0.2) 2.5 (0.2) 2.2 (0.2) 2.4 (0.2)
 Butyrate (B) 12.4 (1.0) 13.0 (1.0) 15.4 (1.6) 13.2 (0.9) 14.0 (1.2) 15.7 (2.1) 13.9 (1.0) 13.9 (1.3) 15.0 (2.1) 13.7 (0.9)
 Isovalerate 6.6 (0.8) 4.1 (0.2) 4.1 (0.4) 4.1 (0.4) 3.5 (0.0) 3.3 (0.0) 3.6 (0.1) 3.6 (0.1) 3.3 (0.1) 3.6 (0.2)
 n-Valerate 2.1 (0.3) 2.1 (0.1) 2.3 (0.1) 2.1 (0.1) 2.4 (0.1) 2.7 (0.2) 2.5 (0.1) 2.6 (0.1) 2.8 (0.2) 2.6 (0.1)
 A + B/P 4.3 (0.1) 4.1 (0.3) 3.5 (0.0) 3.9 (0.3) 4.3 (0.2) 3.1 (0.4) 3.7 (0.5) 4.2 (0.2) 3.2 (0.3) 3.4 (0.4)
pH4 6.84 — — — — — — 6.30 6.01 6.22
1For each run (n = 2), in vitro triplicate samples were pooled on the basis of time and treatment.
2Rumen fluid buffered at start.
3Control = no feed additive supplemented; glycerol-H = 30 mmol of glycerol/L (purity 99.5%); CNSE-H = 100 μL of CNSE dissolved in 400 μL of 99.5% ethanol.
4pH at the start.
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therefore, assigned as no match. In total, more than 100 
bacterial genera were detected from the rumen fluid of 
the cows in this study (Figure 1b). The Bacteroidetes 
phylum was dominated by Prevotella (on average, 20% 
of the total number of bacterial sequences) and unclas-
sified Bacteroidales (on average, 4% of the total number 
of bacterial sequences), whereas the Firmicutes phy-
lum was dominated by unclassified Lachnospiraceae, 
Ruminococcaceae, and Clostridiales (0.5, 0.3, and 0.3% 
abundance, respectively). The genus Prevotella had the 
highest relative abundance in all samples from the start 
(Figure 1b), whereas it almost disappeared during the 
48 h of incubation in all in vitro treatments.
Archaea. A total of 27,012 sequences were obtained 
from 27 samples (both in vitro and in vivo), with an av-
erage of 1,000 sequences per sample (minimum = 558; 
median = 912). At the phylum level (Figure 2), 99.4% 
of all sequences belonged to Euryarchaeota, and only a 
small number of sequences (0.6%) were assigned as no 
match. At the genus level, Methanobrevibacter was the 
dominating genus, representing, on average, 94.5% of 
all sequences, Methanosphaera represented 1%, and the 
rest of the sequences were unclassified Methanobacteria. 
In contrast to the bacteria, the community structure 
of the Archaea, in rumen fluid collected in vivo 2 h 
after feeding, differed from the community structure 
in rumen fluid in vitro after incubation of 8 h or more. 
After 8 h, the most dominating species (with relative 
abundance) in in vivo and in vitro control, respectively, 
were Methanobrevibacter olleyae (42 and 17%), Metha-
nobrevibacter thaueri (33 and 58%), Methanobrevibacter 
millerae (6 and 7%), Methanosphaera stadtmanae 
(7 and 4%), and Methanobrevibacter gottschalkii and 
Methanobrevibacter smithii (both 2%).
PCA of the Bacterial Community Structure
A PCA (Figure 3) was performed to identify pat-
terns in the bacterial community structure that could 
be linked to time and treatment. In the PCA, based 
on OTU data from both the vivo and in vitro samples, 
time and treatment were clustered together. Also, the 
initial sample from rumen fluid clustered with the 
control samples of the in vitro system. The differ-
ences of treatments compared with controls (in vitro) 
were significant for both glycerol-H and for CNSE-H 
(P = 0.05 and P < 0.01, respectively). The main fac-
tor that contributed to the segregated clustering was 
higher abundances of OTU belonging to Barnesiella, 
unclassified Porphyromonadaceae, and Succiniclasticum 
for CNSE-H compared with the control and for unclas-
sified Ruminococcaceae and Anaerovibrio in glycerol-
H compared with the control (Figure 3). Due to the 
dominance of Methanobrevibacter in all samples, no 
difference associated to treatment was observed for the 
archaeal population at the genus level.
Treatment-Dependent Effects  
on the Microbial Population
Both CNSE-H and glycerol-H treatments had an 
effect on the bacterial and archaeal population. The 
CNSE-H treatment had a major effect on both bac-
terial and archaeal populations compared with the in 
vitro control, whereas the glycerol-H treatment had 
a more moderate effect on the microbial community 
structure. For bacteria, at the phylum level, a change 
in the Firmicutes:Bacteroidetes ratio occurred with the 
CNSE-H treatment, after both 8 and 24 h of incuba-
tion (P < 0.01 and P < 0.01, respectively). After 48 
h of incubation, the relative abundance of Firmicutes 
had increased (from 20 to 33% of total sequences) and 
Bacteroidetes had decreased (from 30 to 18% of total 
sequences; Figure 1a). For the glycerol-H treatment, the 
relative abundance of Bacteroidetes increased instead 
(from 30 to 38%; P = 0.03) after 8 h of incubation, but 
after 24 and 48 h of incubation, the Bacteroidetes phy-
lum did not differ in relation to the control. At the ge-
nus level, the glycerol-H treatment changed the relative 
abundance of unclassified Ruminococcaceae at 24 h of 
incubation (P = 0.02) and Anaerovibrio at all sampling 
times (8 h: P < 0.01; 24 h: P < 0.01; 48 h: P = 0.01). 
For the CNSE-H treatment, the relative abundance in-
creased for the genera Barnesiella and for unclassified 
Porphyromonadaceae after 24 h of incubation (P < 0.01 
and P = 0.05) and at 48 h (P < 0.01 and P < 0.01). 
This increase in response to CNSE seemed to occur 
simultaneously with a decrease in relative abundance 
of Prevotella. In addition, the relative abundance of 
Succiniclasticum increased at all sampling points (P = 
0.05, P = 0.04, and P < 0.01) and for Mogibacterium 
at 24 and 48 h of incubation (P = 0.03 and P = 0.02).
For the archaeal population, no difference was ob-
served at the phylum level, as Euryarchaeotawas the 
only phylum present. At the genus level, no significant 
differences were found among the treatments either. 
However, at the species level, the community in CNSE-
H differed in relation to the in vitro control, with an 
increase in the relative abundance of Methanobrevi-
bacter olleyae (8 h: P < 0.01; 24 h: P < 0.01; 48 h: P 
< 0.01) and a decrease in Methanobrevibacter thaueri 
at all sampling times (8 h: P = 0.02; 24 h: P < 0.01; 
48 h: P < 0.01; Figure 2). In addition, an OTU with 
99% homology to Methanosphaera stadtmanae was rep-
resented with a higher abundance in CNSE-H after 48 
h of incubation (P < 0.01).
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Figure 1. (a) Relative abundance at the phylum level for the bacteria population for in vivo determinations at d 1, 2, and 3 and for the in 
vitro treatments at 8, 24, and 48 h of incubation. (b) Relative abundance at the genus level for the bacterial population for in vivo determina-
tions at d 1, 2, and 3 and for the in vitro treatments at 8, 24, and 48 h of incubation. Control = no feed additive supplemented; glycerol-H = 30 
mmol of glycerol/L (purity 99.5%); CNSE-H = addition of 10 mg of cashew nut shell extract (CNSE)/60 mL of rumen fluid.
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DISCUSSION
In the present study, CH4 production in vitro was 
reduced by 18% in the CNSE-H treatment compared 
with the control. This reduction was somewhat less 
than the inhibition effect of 50% with the same con-
centration of CNSE in a study by Ramin et al. (2011). 
Also, Watanabe et al. (2010) showed a reduction in 
CH4 production in vitro by as much as 57%, but they 
use a higher concentration (200 μg of raw CNSE/mL) 
than was used in the present experiment. Cashew nut 
shell extract has also been used in vivo by Shinkai et 
al. (2012) and the feed additive was supplemented in 2 
types of trials with different diets (CNSE blended with 
silica and CNSE blended with several other ingredients), 
both with a total intake of 4 g of CNSE/100 kg of BW. 
The CH4 production per kilogram of DMI was reduced 
by 38.3 and 19.3%, respectively, in each trial. Conclu-
sively, the CH4 reduction in response to CNSE addition 
in the present experiment is in line with, but slightly 
lower than, previous results (Watanabe et al., 2010; 
Ramin and Huhtanen, 2012). However, in the studies 
of Watanabe et al. (2010) and Shinkai et al. (2012) 
the total VFA and acetate concentration decreased and 
the propionate proportion increased. This result could 
not be confirmed in the present experiment, where the 
numerical difference in VFA concentrations between 
CNSE-H and the control was small.
Using glycerol as a feed additive (glycerol-H) resulted 
in increased CH4 production and in a numerical increase 
in total VFA and an increased proportion of propionate 
compared with the in vitro control (Table 3). The in-
crease in CH4 and VFA concentration in response to 
glycerol addition suggests that glycerol was used as a 
substrate for bacterial growth in the closed in vitro 
system and, thus, increased total VFA concentration as 
well as methanogenic substrates. The observed effect 
on VFA proportions has been shown previously in ru-
minants (Kijora et al., 1998; DeFrain et al., 2004; Wang 
et al., 2009) and also in pure cultures of rumen bacteria 
(Coral et al., 2008). However, the results contradict 
findings by Werner-Omazic (2013), where glycerol was 
Figure 2. Relative abundance at the operational taxonomic unit (OTU) level of the archaeal population for in vivo determinations at d 1, 
2, and 3 and for the in vitro treatments at 8, 24, and 48 h of incubation. The OTU with the highest abundance were compared with sequences 
in the BLAST database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and described at the species level. The OTU representing the same species 
(>97% identity) were pooled together. Control = no feed additive supplemented; glycerol-H = 30 mmol of glycerol/L (purity 99.5%); CNSE-H 
= addition of 10 mg of cashew nut shell extract (CNSE)/60 mL of rumen fluid.
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mainly absorbed across the rumen epithelium and not 
used as a substrate. The increased CH4 production is 
also contradictory to an in vitro study in which glycerol 
decreased the production of CH4 (Lee et al., 2011). 
However, in another in vitro study, no effects on CH4 
production were shown when barley grain was replaced 
by glycerol (Avila et al., 2011). Also, no effect on CH4 
production was shown in ram lambs when different 
concentrations of glycerol were included in concentrate 
diets (Avila-Stagno et al., 2013). The varying effects of 
glycerol addition could likely be explained by several 
factors, such as type of animal (in vivo or in vitro).
The loss of energy as CH4 in relation to GE intake was 
calculated according to the predicted CH4 production 
based on the assumption that GE concentration was 
18 MJ/kg of DM. It resulted in a predicted CH4 con-
centration of 7.2, 8.2, and 5.2% of GE for the control, 
glycerol-H, and CNSE-H, respectively. These values are 
within the range of CH4 production (4.3–9.9% of GE) 
reported by Nielsen et al. (2013) for Nordic diets.
The rumen bacteria in vivo and in the control at 
8 h were dominated by Bacteroidetes and Firmicutes 
(Figure 1a), a result similar to previous studies using 
pyrosequencing approaches (Hristov et al., 2012; Zened 
et al., 2013) as well as culture-based techniques (Stew-
art et al., 1997). This suggests that Bacteroidetes and 
Firmicutes play a major role in ruminal metabolism. At 
the genus level, Prevotella represented the most domi-
nant genus, which is also in agreement with several 
studies (Bekele et al., 2010; Pitta et al., 2010; Zened 
et al., 2013). The effect of the Prevotella in the rumen 
has not yet been revealed, and uncultured Prevotella, 
in general, represent a large proportion of the bacte-
rial population. Nevertheless, the major prevalence of 
Prevotella in the rumen suggests its major importance 
in the degradation of feed, especially in fiber-rich diets 
Figure 3. Principal components analysis (PCA) describing the relationship of treatment on the bacterial population, based on the opera-
tional taxonomic unit (OTU) level. The high cashew nut shell extract (CNSE) treatment (10 mg of CNSE; CNSE-H) clustered with OTU 
belonging to Barnesiella, unclassified Porphyromonadaceae, and Succiniclasticum. The 30 mmol of glycerol/L (glycerol-H) treatment clustered 
with unclassified Ruminococcaceae and Anaerovibrio. Principal component (PC) 1 described 26% of the variance and PC 2 described 18.4% 
of the variance. RF = rumen fluid in vivo (RF0 = d 1; RF24 = d 2; RF48 = d 3); C = control; G = glycerol; CN = cashew nut shell liquid. 
Treatments involved 8, 24, and 48 h of incubation. Color version available in the online PDF.
Journal of Dairy Science Vol. 97 No. 9, 2014
BACTERIAL STRUCTURE AND METHANE PRODUCTION IN VITRO 5739
where the species richness of Prevotella seems to in-
crease (Bekele et al., 2010).
The main treatment effect on the bacterial communi-
ty was obtained by CNSE and, here, the relative abun-
dance of bacteria belonging to Bacteroidetes decreased 
in relation to Firmicutes. It is important to bear in mind 
that this result does not necessarily represent a decrease 
in the total abundance of Bacteroidetes, but could in-
stead represent an increase in Firmicutes abundance. 
However, in CNSE-H, the relative abundance of Pre-
votella and unclassified Bacteroidales clearly decreased 
over time, probably explaining the main decrease in 
the relative abundance of Bacteroidetes. According to 
the discussion in Bekele et al. (2010), the decrease in 
Prevotella abundance could inhibit fiber digestion and 
this could result in reduced formation of CH4. How-
ever, in 2 experiments by Shinkai et al. (2012), feeding 
cows a CNSE (4 g/100 kg of BW)-complemented diet 
resulted in reduction in CH4 production but caused 
decreased DM digestibility only in one of the studies. 
Moreover, in both experiments, an increase occurred 
in the relative abundance of propionate-producing or-
ganisms, including Prevotella ruminicola, Selenomonas 
ruminantium, Anaerovibrio lipolytica, and Succinivibrio 
dextrinosolvens (Shinkai et al., 2012). Thus, it is not 
completely clear whether the decrease in the relative 
abundance of Prevotella and unclassified Bacteroidales 
after the addition of CNSE-H was the cause for the 
decrease in CH4 production observed in the present ex-
periment. Furthermore, even though the main decrease 
in CH4 occurred in CNSE-H, Prevotella decreased in all 
treatments, and almost disappeared during incubation, 
and this change could, therefore, mainly be associated 
with the effect of time in the system. In addition to the 
change in the abundance of Prevotella, Barnesiella and 
unclassified Porphyromonadaceae were represented in 
higher proportions in CNSE-H. Barnesiella belongs to 
the family Porphyromonadaceae and has recently been 
found in cow rumina (Kim et al., 2011) and has been 
shown to be associated with starch addition in a study 
by Zened et al. (2013). The significance of Barnesiella 
is not known and additional studies are needed.
For glycerol-H the difference appeared at the genus 
level, with an observed increase in Anaerovibrio and 
unclassified Ruminococcaceae in relation to the control 
(Figure 3). Anaerovibrio lipolytica has been shown to 
be one of the major rumen bacteria species ferment-
ing glycerol, with propionate as the fermentation end 
product (Garton et al., 1961). Thus, the increase in this 
genus fits well with the numerical increase of propio-
nate in glycerol-H. In a study by Bizukojc et al. (2010), 
crude glycerol was converted to CH4 by Methanosarcina 
mazei (in vitro), a CH4-producing microorganism in the 
rumen. However, Methanosarcina was not detected in 
this present experiment. In general, the control and 
glycerol-H treatment showed a similar response in com-
munity structure for both bacteria and Archaea and, 
consequently, the increase in CH4 production in the 
glycerol-H treatment was most likely explained with 
the addition of extra substrate rather than a difference 
in community structure.
For the archaeal community, Methanobrevibacter was 
dominant in all samples. This is consistent with several 
studies showing that Methanobrevibacter represents 
the dominant genus in the rumen (Hook et al., 2010; 
King et al., 2011; St-Pierre and Wright, 2013). Because 
the proportions of Methanobrevibacter were similar in 
the in vivo and in vitro treatments, no treatment ef-
fect could be correlated at the genus level with the 
observed differences in CH4 production. Therefore, 
further comparison of OTU to identify to which species 
they belonged showed that the dominating OTU in the 
control and in the glycerol-H treatment were related 
to Methanobrevibacter thaueri, whereas Methanobrevi-
bacter olleyae was dominant in CNSE-H and in vivo. 
Previous studies have suggested a correlation between 
the community structure within the genus Methanobre-
vibacter and enteric CH4 (King et al., 2011; Danielsson 
et al., 2012). Depending on the phylogenetic relation-
ship, a division of Methanobrevibacter into 2 groups was 
suggested. This division classified Methanobrevibacter 
ruminantium and Methanobrevibacter olleyae in one 
group (RO) and Methanobrevibacter smithii, Metha-
nobrevibacter gottschalkii, Methanobrevibacter millerae 
and Methanobrevibacter thaueri in the other (SGMT). 
Regarding this division, King et al. (2011) and Daniels-
son et al. (2012) indicated that SGMT was positively 
correlated with increasing CH4 production. Results 
from the present study are also in agreement with the 
latter conclusion: CNSE-H decreased CH4 production 
and had a higher relative abundance of Methanobrevi-
bacter (RO) and a lower abundance of Methanobrevi-
bacter (SGMT) compared with the control (P < 0.01).
Despite many years of research on the microbial eco-
system in the rumen, much is still unknown. However, 
the use of modern molecular sequencing techniques 
might shed new light on this field and also reveal the 
effects on the microbial population after, for example, 
feeding ruminants different diets or feed additives 
(Callaway et al., 2010). Moreover, the use of in vitro 
systems can allow studies on a variety of different addi-
tives without risking the health of the cow. However, to 
be able to draw conclusions from different treatments 
in the vitro system, it is critical that the microbial com-
munity remains similar to that of the rumen during in-
cubation. In this experiment, the bacterial community 
structures in vivo and in the in vitro control after 8 h 
of incubation were generally similar, indicating that the 
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transfer of the rumen fluid to the in vitro system and 
the in vitro system per se did not have a major effect on 
the bacterial community structure. In contrast to the 
relative similarity of the bacterial community structure 
in vivo and after 8 h of exposure to the in vitro system, 
it is clear that, based on the relative abundance of the 
different OTU, the structure of the archaeal community 
changed after the incubation. The greatest differences 
were observed within the genus Methanobrevibacter. 
This change in the community was likely to have been 
caused by the shift from the continuous rumen system 
to the closed in vitro batch culture, probably giving 
some species a competitive advantage. The effects on 
the archaeal community were possibly also comparably 
more noticeable, as this group was dominated by a single 
genus, whereas the bacterial community was composed 
of more than 100 different genera. This effect of the 
transfer of rumen fluid to the in vitro system should 
be considered when analyzing the effects of the treat-
ments investigated. However, even though the transfer 
to the in vitro system or the environment in the in vitro 
system had an effect, especially on the archaeal popula-
tion, the effect of the treatment was still detectable and 
showed a main difference in microbial structure for the 
CNSE-H treatment, which also illustrated decreased 
CH4 production.
CONCLUSIONS
The addition of CNSE inhibited CH4 production 
and resulted in a shift in both bacterial and archaeal 
community structure, whereas the addition of glycerol 
caused an increase in CH4 production without resulting 
in any major changes in the microbial population. The 
decrease in CH4 production could be due to an observed 
shift in the bacterial population, possibly resulting in a 
decrease in the production of formate or hydrogen, or 
both, which are substrates to the methanogens. Alter-
natively, the reduced level of CH4 was caused by a direct 
effect on some methanogenic species. The increase in 
CH4 after the addition of glycerol was probably caused 
by a conversion of glycerol into propionate and then 
into CH4. These results shed light on the effects of feed 
additives, but more studies are needed to understand 
clearly the effect on the microbial population.
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